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Abstract 
Transition metal dichalcogenides (TMDs) have received significant attention because of their potentials 
for replacing or modifying the existing charge transporting materials in organic solar cells (OSCs) with 
their unique crystalline structure and desirable electrical properties. Poly(3,4-ethylene 
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) has been considered as the representative hole 
transporting material owing to its notable optical transmittance, electrical conductivity, and solution-
processability. In this study, we provide a facile method to introduce liquid-phase exfoliated TMD, 
tungsten diselenide (WSe2), as the device performance enhancer in OSCs. Implementation of WSe2 into 
PEDOT:PSS without significant change to the surface morphology mediates effective charge transport 
in the completed device. The phase separation of PEDOT and PSS induced by the WSe2 provides a 
conductivity enhancement in the modified hole transport layer (HTL), which contributes to the increase 
of hole mobility and decrease of charge recombination loss in the OSCs, resulting in the improvement 
of power conversion efficiency from 7.3% to 8.5% for pristine and modified HTL devices, respectively. 
These results provide a simple strategy for the enhancement of device performance in OSCs, 
demonstrating their promising potential in the application of TMDs for next-generation energy 
harvesting devices. 
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I. Introduction 
1.1 Advantages of Organic Solar Cells 
Solar cells, which are an eco-friendly energy source that convert solar energy into electrical energy and 
has abundant sources are attracting much attention as an alternative energy source for substitution of 
existing fossil fuel which is one of the main factors for severe global warming. The photovoltaic devices 
can be simply classified into several types depending on the device structures and the materials for 
generating charge carriers. Among the many kinds of solar cells, the organic solar cells which is consist 
of photoactive layer and charge transport layer (CTL) and two electrodes are attracting much attention 
for next-generation photovoltaics owing to their advantages such as solution processabilities, cost-
effective materials and fabrication process, applicability to commercialized device with mechanical 
flexibility of organic materials, the possibility of large scaled device via roll-to-roll process1-6 and power 
conversion efficiency (PCE) over 13%. Recently, tremendous studies are focusing on commercial 
perspectives such as the efficiency, stability and flexibility of OSCs for next-generation energy 
harvesting devices. 
1.2 Principle and Characterization of Solar Cells 
The efficiency of the completed device is affected by various parameters such as short-circuit current 
(Isc), open-circuit voltage (Voc) and fill factor (FF). The Isc is the maximum current when the voltage of 
the solar cell is zero which is originated from generation and collection of photogenerated charge 
carriers. The Isc is influenced by various factors, such as the optical properties, the area of the solar cell, 
the amount of absorbed incident light and the collection probability. The Voc is a maximum voltage of 
the device which is amount of forward bias that occurs when the current is zero and can be obtained by 
followed equation: 
𝑉𝑂𝐶 =
𝑛𝑘𝑇
𝑞
ln [
𝐼𝑆𝐶
𝐼0
+ 1] 
It can be seen that Voc relies on Isc and the saturation current (I0) of the device through the above equation. 
Since I0 depends on charge recombination quantity of recombination in completed device. The FF is 
another important parameter which determine the maximum power of the device. FF is the ratio of 
maximum power to actual value and is a parameter that can evaluates how ideal the device is fabricated. 
FF =
𝑉𝑚𝑎𝑥𝐽𝑚𝑎𝑥
𝑉𝑂𝐶𝐽𝑆𝐶
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And the solar cell efficiency (η) is defined as equation 
η =
𝐽𝑆𝐶𝑉𝑂𝐶𝐹𝐹
𝑃𝑖𝑛
 
And stability of the device is influenced by the diffusion of electrode into other layer, moisture, 
temperature, incident light and stability of crystallization of polymers. With various parameters, 
improved device performance has been realized by primarily devoting on some aspects: Development 
of alternative conductive electrodes to indium tin oxide (ITO) or other metal electrodes;7-9 substitution 
and modification of existing charge transport layers;10,11 addition of novel additives into the photoactive 
and charge transport layer for flexible, stable and efficient devices.12-14 
1.3 Characterization of CTL 
Among each layer in OSCs, the photoactive layer can be considered as the most important part as they 
generate the charge carriers via photovoltaic effect. However, in the absence of the charge transport 
layer, the recombination of charge carriers occurs at the interface between photoactive layer and 
electrode due to large difference in energy level while the photogenerated charge carriers reach counter 
electrode to produce electrical energy which resulting in decreased device performances. Thus, as 
shown in Figure 1.1, to suppress the charge recombination and degradation of the device performance, 
charge transport layer was introduced into interface between electrode and photoactive layer. With the 
suitable energy level or wide bandgap of charge transport layer induces the improved device efficiency 
along with the decline of charge recombination. From this perspective, charge transport layer plays 
crucial roles as much as photoactive layer for efficient devices and still very much of research is being 
studying to develop better CTLs and apply them into solar cell devices.  
1.4 Properties of PEDOT:PSS 
For hole transport layer (HTL), the Poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS) has been widely used as the representative hole transport materials in OSCs owing to its 
outstanding electrical and optical properties with solution processability, thermal stability and 
mechanical flexibility. The PEDOT:PSS is consist of two polymer, the conducting PEDOT and 
insulating PSS. The PSS chain attached to PEDOT with very weak coulombic interaction to disperse 
the conducting PEDOT in aqueous solvent and surround the PEDOT leading to disturb the connection 
between the PEDOT chains (Figure 1.2). However, with the insulating property of PSS, the conductivity 
of PEDOT:PSS film is still insufficient.15 Thus, limited hole transporting ability within the pristine 
PEDOT:PSS results in reduced performance of the completed devices along with the charge 
accumulation at the interfaces which resulting in charge recombination. To overcome the limitations, 
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several strategies have been investigated to improve the hole transporting ability of PEDOT:PSS 
including doping with additives and post-treatment by organic solvents.16-18 These strategies showed 
enhanced conductivity along with better charge transport abilities of PEDOT:PSS films and resulted in 
improved device performances due to increased current density (JSC).  
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Figure 1.1 The hole trasnfer dynamic of with and without CTL. 
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Figure 1.2 (a) The chemical structure and (b) morphology of PEDOT:PSS. 
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1.5 Properties of TMDs 
Two-dimensional materials, such as graphene derivatives and transition metal dichalcogenides (TMDs), 
have drawn a great deal of attention in photovoltaic field with their unique optical and electrical 
properties.19-22 Since the bulk form of two-dimensional materials can be readily exfoliated into few 
layers through facile solution processed method due to weak van der Walls forces between the layers, 
flakes show great potential use in photovoltaic devices via facile depositing process such as spin coating 
or spray coatings which can be applied to roll-to-roll process for large-scaled devices.23-25 Recently, a 
number of studies have been suggested for using liquid-phase exfoliated TMDs as an additive in 
photoactive layer which improve the charge carrier dynamics and charge transport layer for OSCs owing 
to their semiconducting property with direct bandgap. With their remarkable optoelectrical properties, 
they exhibit improved device performances such as enhanced device efficiency and stability. However, 
due to the flake nature of exfoliated materials, formation of a uniform surface morphology is considered 
as the most important part in solution processed devices.26,27 To avoid the deterioration of surface 
morphology, several strategies have been suggested such as repeated spin coating or concentration 
controls of flake dispersion. 
In this study, we introduced TMDs into widely used HTL, PEDOT:PSS, to fabricate efficient OSCs by 
modifying PEDOT:PSS via facile method. The little amount of liquid-phase exfoliated two-dimensional 
layered tungsten diselenide (WSe2) nanocrystals in 2H phase crystalline structure were introduced into 
the PEDOT:PSS solution with forming a stable dispersion. With the little amount of addition of WSe2, 
the WSe2-modified PEDOT:PSS shows homogeneous film without considerable changes in the 
uniformity of surface morphology. The improved device performances were mainly originated from the 
increased conductivity and hole transporting ability of WSe2-mediated PEDOT:PSS. Increased charge 
transporting performance was corroborated by the hole mobility and photoluminescence 
characterization, also. The changes in electrical property of mediated PEDOT:PSS comes from the 
phase separation between PEDOT and PSS and formation of PEDOT cluster which can provide efficient 
pathway for the photogenerated charge carriers. The phase separation was induced by negatively 
charged surface of WSe2 flakes which weaken the coulombic interaction between PEDOT and PSS. The 
improved hole transporting ability of modified HTL resulted in notable enhancement in the device 
performance, with the enhancement in PCE from 7.3% to 8.5% from pristine and mediated HTL, 
respectively. This approach provide a facile strategy to improve the charge transporting ability of 
PEDOT:PSS in OSCs along with the increased device performance and provide the potential application 
of TMDs into various optoelectronic devices beyond the solar cells. 
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II. Results & Discussion 
2.1 Liquid-phase Exfoliation and Optimization of WSe2 dispersion 
WSe2 flakes was synthesized from liquid-phase exfoliation method and dispersed in a deionized water 
and isopropanol mixture for modulating the surface tension difference between WSe2 flakes and solvent 
to obtain high dispersibility of WSe2 dispersion. As shown in Figure 2.1, WSe2 flakes were dispersed 
in various ration between water and IPA to acquire the most stable dispersion and highest concentration 
of WSe2, after exfoliated and centrifuged. By increasing the ratio of IPA in co-solvent, we found that 
WSe2 flakes shows the highest dispersibility at the ratio of water and IPA of 4:6, and the highest 
concentration, 0.9 mg/ml, of WSe2 dispersion was obtained. 
After, the UV-vis-NIR measurement of WSe2 dispersion with various mixture ratio were performed to 
precisely find out the most stable dispersion (Figure 2.2). The intensity of absorption peak indicates that 
the relative amount of WSe2 flakes in dispersion. The intensity of 4:6 mixing ratio shows the highest 
peak compare to others which implies that the WSe2 flakes has the highest dispersibility in co-solvent 
with the ratio of 4:6 and thus has the highest concentration. 
2.2 Characterization of as-exfoliated WSe2 
To characterize the as-exfoliated WSe2 flakes, the optical analysis was investigated. As shown in Figure 
2.3, the UV-vis-NIR of WSe2 flakes result exhibits the two distinctive absorption peaks at 755 nm and 
600 nm for A and B exciton of WSe2. With two inherent absorption peaks, we could verify that the 
exfoliated WSe2 has semiconducting 2H phase crystalline structure which indicate that the crystal 
structure of WSe2 did not show any changes as the WSe2 was exfoliated via simple sonication without 
using other materials such as Li, Na and K which is used for changing the crystalline structure and 
electrical properties.28,29  
Raman spectroscopy was conducted to further examine the nature of 2H phase crystalline WSe2 (Figure 
2.4). Through the two dominant peaks at 251 and 256 cm−1 which is account for in-plane E12g and out-
of-plane A1g vibration modes of 2H-WSe2, respectively, we further verify that the WSe2 flakes was 
exfoliated without any changes in electrical properties.30,31 
With the flake nature of as-exfoliated WSe2 flakes, the morphology of WSe2 flakes could affect the 
uniformity of HTL films along with device performances, the surface morphology of WSe2 flakes were 
investigated with atomic microscopy (AFM). As shown in Figure 2.5, we observed that the thickness 
of as-exfoliated WSe2 flakes was less than 2 nm with the lateral size of 100 to 200 nm indicating that 
the bulk state of WSe2 powder was effectively exfoliated into few layers in thickness and WSe2 flakes 
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will have semiconducting properties with direct bandgap. From the surface morphology of spin coated 
WSe2 flakes results, we could anticipate that the incorporating the WSe2 flakes into PEDOT:PSS will 
not have a significant adverse effect on device performance. 
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Figure 2.1 Digital image of exfoliated and centrifuged WSe2 dispersion with varying volume ratio of 
co-solvent (water:IPA, v/v). 
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Figure 2.2 UV-vis-NIR absorption spectra of exfoliated and centrifuged WSe2 dispersion with 
varying volume ratio of co-solvent (water:IPA, v/v). 
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Figure 2.3 Absorption spectrum of exfoliated WSe2 solution. 
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Figure 2.4 Raman spectrum of WSe2 flakes on SiO2 substrate. 
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Figure 2.5 AFM image of WSe2 flakes. The inset represents the height profile of the dotted region. 
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2.3 Surface Morphology of WSe2-mediated PEDOT:PSS 
Next, the surface morphology of WSe2 added PEDOT:PSS film with various mixing ratio was 
characterized with scanning electron microscopy (SEM). As shown in Figure 2.6, SEM images show 
that the WSe2-mediated PEDOT:PSS fully covered the ITO electrode without pin-holes along with no 
significant changes in the surface morphology with low concentration of WSe2 (PEDOT:PSS to WSe2 
mixing ratio of 9:1, 3:1, v/v, henceforth denoted as P9, P3-WSe2). Although, some WSe2 flakes are 
observed, however, as shown in Figure 2.5, flakes were effectively exfoliated and expected to will not 
have a significant effect on the device performance. However, at the high concentration of WSe2 
(PEDOT:PSS to WSe2 mixing ratio of 1:1, denoted as P1-WSe2), flakes aggregated and formed a bulk 
state which can adversely affect the operation of device by disturbing the formation of photoactive layer 
and transport of photogenerated charge carriers at active layer. 
To further investigate the effect of WSe2 addition in PEDOT:PSS on surface morphology of HTL, the 
AFM analysis was additionally performed. As we expected in Figure 2.7, there was no changes in in 
film roughness with low concentration of WSe2 addition. However, with the formation of WSe2 
aggregate at high concentration of WSe2 addition, the surface roughness was increased about 4 times 
higher than that of pristine PEDOT:PSS. Along with SEM analysis, we could expect that the device 
performance will suffer from charge transporting the generated charge with P1-Wse2 HTL. 
2.4 Photovoltaic Performances of Organic Solar Cells 
The device was fabricated to investigate the effect of WSe2-modified PEDOT:PSS HTL in device 
performance. The conventional structured OSCs were fabricated by using poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7) as a donor and [6,6]-phenyl-C71-butyric 
acid methyl ester (PC71BM) as a acceptor in photoactive layer. Details on device fabrication are 
provided in the Experimental Section. The current density-voltage characteristic under AM 1.5G 
illumination with 100 mW cm-2 irradiance are shown in Figure 2.8. And the corresponding 
photovoltaic parameters are summarized in Table 1. In Figure 2.8, we could observe remarkable 
improvement in the device performance was observed from the P3-WSe2 device compare with 
PEDOT:PSS device, with the PCEs of 8.5% and 7.3%, respectively. P9-WSe2 device also showed 
improvement (PCE = 7.8%). The improvement of device performance was mainly originated from 
enhanced current density (Jsc) and fill factor (FF). However, unlike the P9 and P3-WSe2 device, the 
P1-WSe2 device exhibit much lower device performance than PEDOT:PSS only device.  
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Figure 2.6 Surface morphology characterization of WSe2-mediated PEDOT:PSS films. SEM images 
of (a) PEDOT:PSS, (b) P9-WSe2, (c) P3-WSe2, and (d) P1-WSe2. 
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Figure 2.7 AFM topography images of (e) PEDOT:PSS, (f) P9-WSe2, (g) P3-WSe2, and (h) P1-WSe2. 
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Figure 2.8 Device performance of PTB7:PC71BM-based OSCs with WSe2-mediated PEDOT:PSS 
HTL. (a) Schematic of the completed device structure. (b) J−V characteristics. 
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Table 1. Device performance parameters of PTB7:PC71BM-based conventional structured OSCs with 
varying WSe2 concentrations in PEDOT:PSS. 
HTL Jsc [mA cm
−2] V
oc
 [V] FF [%] PCE [%] 
PEDOT:PSS 
15.5 
(15.3 ± 0.22) 
0.76 
(0.74 ± 0.01) 
62.1 
(62.0 ± 0.1) 
7.3 
(7.1 ± 0.1) 
P9-WSe2 
16.1 
(16.2 ± 0.14) 
0.76 
(0.75 ± 0.01) 
63.8 
(63.3 ± 0.1) 
7.8 
(7.7 ± 0.1) 
P3-WSe2 
16.6 
(16.6 ± 0.10) 
0.78 
(0.77 ± 0.01) 
65.5 
(65.3 ± 0.1) 
8.5 
(8.3 ± 0.1) 
P1-WSe2 
15.3 
(15.2 ± 0.26) 
0.67 
(0.65 ± 0.02) 
48.9 
(48.8 ± 0.3) 
5.0 
(4.6 ± 0.3) 
 
19 
 
To further investigate the reason for large decrease in device performance, we carried out 
photoluminescence (PL) analysis with various HTL. When the photogenerated charge carriers in 
photoactive layer recombined with each other, a PL peak generated, and when the charge carriers 
effectively extracted from the active layer to corresponding electrode, the associated PL peak 
quenches. As shown in Figure 2.9, since the charge recombination appeared immediately after exciton 
dissociation at the interface between donor and acceptor in the active layer, some PL peak was also 
observed with pristine PEDOT:PSS HTL. As expected in device performance, the decrease in PL peak 
is observed from P9 and P3-WSe2 HTL compare to PEDOT:PSS indicating that the charge 
recombination in P9, P3-WSe2 device was diminished and WSe2-mediated PEDOT:PSS effectively 
extract the charge carriers from the active layer to electrode. However, with P1-WSe2, enlarged PL 
intensity compare to pristine PEDOT:PSS was observed which indicates pronounced charge 
recombination. The increased recombination with P1-WSe2 HTL might be associated with the 
relatively rough surface morphology of the film which is play as trap site within the charge transport. 
Thus, we could verify that the reason for deterioration in P1-WSe2 device was increased charge 
recombination at the interface between active layer and HTL. 
Before investigating the effect of WSe2 addition into PEDOT:PSS and device performance, we first 
examine the effect of the solvent of WSe2 dispersion in PEDOT:PSS. In previous studies, organic 
solvents, such as methanol, ethanol and dimethyl sulfoxide were added into PEDOT:PSS to increase 
the conductivity of PEDOT:PSS and PCE of devices by inducing phase separation between PEDOT 
and PSS and leading to larger domains with better connected PEDOT.16-18 They showed that the 
highly hydrophilic solvents, with a high dielectric constant interact with the hydrophilic PSS and 
resulting in screening effect between PEDOT and PSS. To determine whether the improved device 
performance is due to water and IPA, we compare the PEDOT:PSS only device and co-solvent added 
PEDOT:PSS device (Figure 2.10). However, through the J-V curve and device parameters, we could 
verify that the there was almost no changes in device performance with co-solvent added PEDOT:PSS 
device which indicate that the solvent of WSe2 dispersion have no effect on device efficiency. Since 
organic solvents can induce the phase separation between PEDOT:PSS, however, the solvent of WSe2 
solution did not appear to have a significant effect on PEDOT:PSS as the ratio of added solvent was 
very small compare to previous studies. 
20 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9 Steady state PL spectra measured from the structure of glass/PEDOT:PSS or P-
WSe2/PTB7:PC71BM. 
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Figure 2.10 Device performance of OSCs with PEDOT:PSS and co-solvent(water/IPA) added 
PEDOT:PSS HTL. The mixing ratio between PEDOT:PSS and co-solvent was 3:1. 
Table 2. Device performance parameters of PTB7:PC71BM-based conventional structured OSCs with 
pristine PEDOT:PSS and co-solvent added PEDOT:PSS. 
HTL Jsc [mA cm
−2] V
oc
 [V] FF [%] PCE [%] 
PEDOT:PSS 
15.5 
(15.3 ± 0.22) 
0.76 
(0.74 ± 0.01) 
62.1 
(62.0 ± 0.1) 
7.3 
(7.1 ± 0.1) 
PEDOT:PSS + water/IPA 
15.7 
(15.6 ± 0.21) 
0.76 
(0.75 ± 0.01) 
62.3 
(62.1 ± 0.1) 
7.4 
(7.1 ± 0.1) 
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2.5 Characterization of WSe2-mediated PEDOT:PSS 
As the WSe2 solution was introduced into PEDOT:PSS solution for modification, the concentration of 
HTL could be diluted which can result in variation of film thickness and transmittance of HTL film. 
The transmittance of the HTL film play crucial role for device performance as it can affect the amount 
of light that reaches to photoactive layer and absorbed to generate charge carriers. Thus, we carried 
out the optical transmittance analysis of HTL film with various ratio of WSe2 to investigate the reason 
for improved device performance in P9 and P3-Wse2 device. As shown in Figure 2.11, we could 
confirm that there was no significant difference between pristine PEDOT:PSS and P9 and P3-WSe2 
HTL which implies that the increased current density and device performance was not originated from 
the difference in amount of absorbed light in photoactive layer. However, the large decrease in film 
transmittance was observed for P1-WSe2 HTL. Despite the most diluted concentrations of HTL, the 
large decrease in film transmittance was probably due to the agglomerated WSe2 flakes, as seen in 
surface morphology results. With these results, we could verify that the improved device performance 
of P9 and P3-WSe2 performance was not from the difference in film transmittance and the 
deterioration of P1-WSe2 device was may come from not only surface roughness but reduced film 
transmittance. 
To further verify the reason for enhancement of WSe2 modified PEDOT:PSS device, we characterized 
the work function of HTLs (Figure 2.12). With the suitable energy level of HTLs, the recombination of 
charge carriers at the interface between active layer and HTL can be suppressed by reducing the energy 
barrier between active layer and counter electrode which also resulting in improved device operations. 
As the work function of PEDOT:PSS is located at below the occupied molecular orbital of the donor, 
PTB7, where the generated hole moves, the generated charge may suffer some difficulty transport the 
hole. Thus, we verify the work function changes of HTL after WSe2 addition. However, there was no 
significant changes in work function of modified HTL regardless of the mixing ration of WSe2. The 
almost unchanged work function of HTL is probably due to the very small amount of added WSe2 flakes 
despite of large difference in work function between PEDOT:PSS and WSe2.32 Although the increased 
work function with P3 and P1-WSe2 PEDOT:PSS can promote the charge transport to electrode with 
favorable energy level alignment,33-35 the improved device performance was may not the mainly comes 
from the work function changes. 
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Figure 2.11 Optical transmittance of PEDOT:PSS and P-WSe2 films. 
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Figure 2.12 Work function of PEDOT:PSS and WSe2-mediated PEDOT:PSS (a)UPS spectra from 
pristine PEDOT:PSS and WSe2-mediated PEDOT:PSS. The inset present the enlargement of the cut-
off region. (b) The flat-band energy level diagram of the completed device with various HTL. 
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X-ray photoelectron spectroscopy (XPS) characterization was performed to further investigate the 
effect of WSe2 addition in the chemical composition of PEDOT:PSS. In Figure 2.13, the XPS spectra 
of S 2p from pristine PEDOT:PSS exhibit two dominant peaks at binding energies of 168.6 eV and 
164.8 eV. Two distinct peaks were attributed to the thiophene and sulfonate units in PEDOT and PSS, 
respectively.36,37In pristine PEDOT:PSS, the conducting PEDOT polymer and insulating PSS polymer 
are attached to each other via very weak Coulombic interaction. PSS polymer was used to disperse 
PEDOT in water solvent, however, insulating property of PSS hindered the conductivity of PEDOT:PSS 
film which result in impediment of the device performances. However, after addition of WSe2 into 
PEDOT:PSS, we observe that the ratio of PSS to PEDOT gradually decreased from 6.25 with pristine 
PEDOT:PSS to 4.54, 3.84 and 3.83 with P9, P3, P1-WSe2, respectively. The decreased ratio of PSS to 
PEDOT implies that the WSe2 additive in PEDOT:PSS induces a phase separation between PEDOT and 
PSS and aggregation of conducting PEDOT after adding the WSe2 solutions into PEDOT:PSS. With 
formation of PEDOT aggregation which has conducting property, the modified HTL was expected to 
provide more efficient pathway for the generated charge carriers to reach the electrode and have 
improved hole transport ability. 
To find out the reason for phase separation between PEDOT and PSS, we further investigate the WSe2 
flakes. To separate PEDOT and PSS, the weak coulombic interaction between PEDOT and PSS need 
to be broken caused by a specific charge. The Zeta potential measurement were carried out to investigate 
the surface charge of WSe2 flakes. As shown in Figure 2.14, the zeta potential results exhibit the 
negatively charge distribution of WSe2 flakes which indicate that the most of WSe2 flakes have 
negatively charged surface. With the surface charge of WSe2, the incorporated WSe2 flakes in 
PEDOT:PSS may weaken the Coulombic interaction between PEDOT and PSS resulting in phase 
separation between two polymers and aggregation of PEDOT around the WSe2 flakes.27 The gradually 
decreased ratio of PSS to PEDOT in XPS results was comes from the phase separation between PEDOT 
and PSS and aggregation of PEDOT polymer around the WSe2 which caused by negatively charged 
surface of WSe2 flakes. 
We further confirmed the conductivity of PEDOT:PSS and P3-Wse2 HTL films to verify the separation 
of PEDOT and PSS by surface charge of WSe2. By conformation changes from a coiled structure to 
extended-coil structure of PEDOT, the conductivity also enhanced to 1.1  10−2 S/cm from 6.02  10-3 
S/cm of the pristine PEDOT:PSS as we expected from device performance and XPS results (Figure 
2.15). 
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Figure 2.13 Chemical composition analysis of WSe2-mediated PEDOT:PSS. XPS spectra of S 2p 
from (a) PEDOT:PSS, (b) P9-WSe2, (c) P3-WSe2, and (d) P1-WSe2. The dashed black and solid gray 
lines represent the fitted profile and raw data, respectively. 
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Figure 2.14 Zeta potential distribution of WSe2. 
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Figure 2.15 Comparison of conductivity between PEDOT:PSS and P3-WSe2 film. 
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2.6 Charge Dynamics of completed device 
To investigate the relationship between the enhanced conductivity and the charge transport ability of 
WSe2-mediated PEDOT:PSS, we performed the charge transport and recombination dynamics of WSe2-
mediated PEDOT:PSS device, Jsc and Voc dependence on light intensity (I), charge transport resistance, 
photocurrent, and hole mobility measurements were performed on the best performing P3-WSe2 device. 
The light intensity dependence of Jsc follows the power law described as 𝐽sc ∝ 𝐼
α , where α is the 
coefﬁcient of the power law.38,39 As shown in Figure 2.16a, the increased value of α, with P3-WSe2 (α 
= 0.99) device implies better charge extraction with reduced bimolecular recombination compared to 
the pristine PEDOT:PSS device (α = 0.97), which is reflected in the Jsc enhancement. In open-circuit 
condition, Voc varies with light intensity by the following relation, 𝑉oc ∝ (𝑘𝑇 𝑞⁄ ) ln 𝐼. As shown in 
Figure 2.16b, the lower slope from P3-WSe2 device also corroborates the suppressed bimolecular 
recombination with WSe2-mediated PEDOT:PSS layer. Furthermore, electrochemical impedance 
spectroscopy (EIS) measurement was performed to examine the interfacial charge transport at the HTL, 
and the associated Nyquist plots of PEDOT:PSS and P3-WSe2 films are presented in Figure 2.17. The 
lower transport resistance (Rtr) in P3-WSe2 (243.9 Ω) than that of PEDOT:PSS (541.3 Ω) also indicates 
enhanced charge transporting efficiency at the junction interface, which supports the improvement of 
overall solar cell performance from the P3-WSe2 device. Enhanced charge collection from the modified 
HTL can also be observed from the photocurrent density versus effective voltage ( 𝐽ph − 𝑉eff ) 
measurements (Figure 2.18), where 𝐽ph = 𝐽L − 𝐽D (𝐽D and 𝐽L are the current densities under dark and 
illuminated conditions, respectively) and 𝑉eff = 𝑉0 − 𝑉 (𝑉0 is the voltage when 𝐽ph is zero and 𝑉 is 
the applied bias across the device). The higher saturated 𝐽ph with P3-WSe2 film indicates the improved 
charge transport ability of the WSe2-mediated HTL, leading to the enhanced current density.40 To further 
examine the charge transport ability between the anode and the photoactive layer, the hole mobilities of 
pristine and WSe2-mediated PEDOT:PSS films were evaluated using the space charge-limited current 
(SCLC) model from the Mott-Gurney theory, 𝐽 =
9
8
𝜀0𝜀𝑟µ
𝑉2
𝑑3
, where 𝜀0𝜀𝑟 is the dielectric constant of 
photoactive material, µ is the mobility, 𝑑 is thickness of the photoactive layer, and 𝑉 is the voltage 
across the device. The hole-only device was fabricated with the structure of glass/ITO/PEDOT:PSS or 
P3-WSe2/PTB7:PC71BM/MoO3/Au. As shown in Figure 2.19, enhanced hole current density from the 
P3-WSe2 device compared with that from the PEDOT:PSS only device, with estimated hole mobilities 
of 7.8  10−6 and 1.5  10−6 cm2 V−1s−1, respectively, implies efficient hole transport and enhanced 
extraction efficiency, corresponding to the improvement of Jsc in overall device performance.41,42 
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Figure 2.16 Charge dynamics analysis of completed devices with different HTL configurations. Light 
intensity dependent (a) Jsc and (b) Voc. 
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Figure 2.17 Nyquist plot of HTL films with PEDOT:PSS and P3-WSe2. The inset diagram describes 
the schematic of the equivalent circuit model. 
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Figure 2.18 Photocurrent density versus effective voltage characteristics. 
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Figure 2.19 J−V characteristics of hole-only devices by space-charge-limited current method. 
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III. Conclusion 
In this study, we successfully developed a facile strategy to enhance the device performance of OSCs 
by modifying the charge transporting material with TMDs. Addition of WSe2 into PEDOT:PSS resulted 
in notable improvement of PCE from 7.3% to 8.5% at optimized conditions. The enhancement of device 
performances is mainly attributed to the improved hole transport ability through WSe2-mediated 
PEDOT:PSS HTL layer. Negatively charged surface of WSe2 weakens the Coulombic interaction 
between PEDOT and PSS, triggering the phase separation of PEDOT and PSS, which provides efficient 
pathways for the photogenerated charge carriers. The reduction of charge transport resistance and 
charge recombination loss were also verified from the charge dynamics analysis. This work 
demonstrates a promising approach to improve the hole transporting ability of the HTL in OSCs toward 
enhanced device performance, which may broaden the application of TMDs in various optoelectronic 
devices beyond the solar cells 
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Ⅳ. Experimental Section 
Exfoliation of WSe2 
Bulk WSe2 powder (10 μm, purity>99.8%) was purchased from Alfa Aesar and used as-received. For 
the preparation of WSe2 flakes, 100 mg of WSe2 powders were dispersed in 20 mL co-solvent of water 
and IPA mixture with the optimized ratio of 4:6 (water:IPA, v/v), which was exfoliated via tip sonicator 
(Sonic & materials, VC 505). The solution was centrifuged and the supernatant was collected for further 
analysis and device fabrication. The final concentration of optimized WSe2 dispersion from the co-
solvent mixture of 4:6 was 0.9 mg/mL. 
Solar cell fabrication 
OSCs were fabricated with the structure of glass/ITO/HTL/PTB7:PC71BM/Al. ITO-coated glass were 
cleaned using sonication in deionized water, acetone, and isopropyl alcohol, followed by O2 plasma 
treatment. PEDOT:PSS and P-WSe2 solution was spin-coated on ITO substrate at 4000 rpm for 1 min 
and subsequently annealed at 120 °C for 10 min. PTB7 and PC71BM were dissolved in 
chlorobenzene:1,8-diiodooctane (97:3 vol%) with concentrations of 12 and 40 mg mL−1, respectively. 
The blended solution was spin-coated at 900 rpm for 2 min. Finally, Al electrode was thermally 
evaporated with a thickness of 100 nm at base pressure of 2  10−6 Torr. 
Measurements and Characterization 
Absorption and transmittance measurements were performed using UV−Vis−NIR spectrophotometer (
Cary 5000, Agilent). Raman spectroscopy was conducted by confocal Raman (alpha300R, WITec). J−
V characteristics were measured under AM 1.5G illumination using Xenon arc lamp solar simulator w
ith Keithley 2635A source meter. Steady state photoluminescence was measured by fluorescence spect
rometer (NF900, Edinburgh Instrument). Tapping mode AFM (DI-3100, Veeco) and SEM (S-
4800, Hitachi) were used to analyze the surface morphology. XPS and UPS spectra were obtained usi
ng ESCALAB 250XI (Thermo Fisher Scientific). Surface charge distribution of WSe2 was examined 
by Zeta sizer (Nano ZS, Malvern). EIS measurement was carried out by impedance analyzer (SI1260, 
Solartron). Neutral density filters were used to measure the light intensity dependent Jsc and Voc. Carr
ier mobility was calculated from Mott-Gurney relation by fabricating the hole-
only device with a structure of glass/ITO/HTL/PTB7:PC71BM/MoO3/Au. 
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